Abstract Postprandial lipid metabolism is largely dependent upon lipoprotein lipase (LPL), which hydrolyses triglycerides (TGs). The time course of LPL activity in the postprandial state following a single meal has never been studied, because its determination required heparin injection. Recently, we have shown that LPL activity could be accurately measured in nonheparinized VLDL using a new assay aiming to determine the LPL-dependent VLDL-TG hydrolysis. Based on the same principle, we used in this study TG-rich lipoprotein (TRL)-bound LPL-dependent TRL-TG hydrolysis (LTTH) to compare the time course of LPL activity of 10 type 2 diabetics to that of 10 controls, following the ingestion of a lipid-rich meal. The peak TG concentration, reached after 4 h, was 67% higher in diabetics than in controls ( P Ͻ 0.005). Fasting LTTHs were 91.3 ؎ 15.6 in controls versus 70.1 ؎ 4.8 nmol NEFA/ml/h in diabetics ( P Ͻ 0.001). LTTH was increased 2 h postprandially by 190% in controls and by only 89% in diabetics, resulting in a 35% lowering of the LTTH area under the curve in diabetics. Postprandial LTTH was inversely correlated with TG or remnant concentrations in controls but not in diabetics, and with insulin resistance in both groups.
Postprandial hypertriglyceridemia is a prominent feature of dyslipidemia in type 2 diabetes and is considered to be proatherogenic (1) (2) (3) . Accumulation of remnants in the postprandial state is thought to constitute a cardiovascular risk factor in insulin-resistant subjects (4, 5) . Postprandial plasma triglyceride (TG) concentration depends upon the balance between intestinal and hepatic production of TG-rich lipoproteins (TRLs) and plasma clearance of remnants and VLDL. However, the precise mechanisms in TG clearance are difficult to explore, because little is known concerning the time course of the changes in the postprandial activity of lipoprotein lipase (LPL), the main enzyme involved in plasma TG hydrolysis. Because the bulk of LPL is bound to the endothelium, the release of the enzyme through heparin injection must be achieved to permit the ex vivo measurement of total LPL activity (6) . In addition to being cumbersome, this process causes a prolonged release of LPL stores, which precludes any relevant time course study of LPL activity. However, several reports have described the presence of LPL protein in nonheparinized plasma (7) (8) (9) (10) . The mass concentration of the preheparinic LPL appeared to be negatively related to plasma TG concentration and positively related to HDL-cholesterol (HDL-C) (11, 12) . In addition, preheparinic LPL concentration was found to be increased after treatment with an insulin sensitizer, troglitazone (13) , and decreased in situations in which TG catabolism was defective (14, 15) . Previous studies have shown that this plasma circulating LPL was bound to TRLs and exhibited some lipolytic activity (10, 16) . Taking these findings into consideration, we developed a new method that allows the measurement of the VLDL-bound LPL-dependent VLDL-TG hydrolysis (LVTH). This assay is considered to be a relevant marker of the functional LPL pool in the fasting state on the basis of three considerations (17) . First, in contrast to conventional postheparin LPL activity, LVTH is tightly correlated with VLDL clearance in human subjects. Second, it allows efficient discrimination of patients with heterozygous LPL deficiency. And finally, LVTH is clearly lowered in type 2 diabetes, a condition known to be frequently accompanied by defective lipolysis. Inasmuch as our assay does not require a heparin injection, it has the definitive advantage of easily permitting repetitive time course measurements of LPL activity in humans. In the present study, we used this new tool to further investigate the alterations in TG lipolysis in type 2 diabetes. Fasting LPL activity is lowered in type 2 diabetic patients, which raises the question of its fate in the postprandial state. To answer this question, we had to take into account that postprandial TRLs include both VLDL and chylomicrons. On the basis of the same concept as LVTH, we developed a TRL-bound LPL-dependent TRL-TG hydrolysis (LTTH), in which VLDL was replaced by total TRLs. In the present work, we analyzed the time course of LPL activity after a high-fat meal in both diabetic patients and matched control subjects.
MATERIALS AND METHODS

Subjects
A total of 20 male subjects were investigated in the present study. Ten patients with clinically defined type 2 diabetes mellitus were compared with 10 nondiabetic and normolipidemic healthy control subjects. None of the diabetic patients had proteinuria or hypothyroidism. All received either sulphonylurea or biguanides or both, but no insulin therapy. Relevant clinical and physiological characteristics of the subjects are presented in Table 1 . All control subjects and patients gave written informed consent to the study protocol, which was approved by our local ethical committee.
Oral fat load and blood samples
After 12 h overnight fasting, each participant was given a semiliquid test meal containing 40 g fat/m 2 body surface area in the form of ice cream. The total energy content of the meal was 730 Kcal/m 2 (60% from fat, 30% from carbohydrate, and 10% from protein). The ice cream was ingested within 20 min and was well tolerated by all subjects. After the test meal, only water was allowed for drinking during the oral fat test. Blood samples were collected in prechilled EDTA-containing tubes before the meal and every 2 h after the meal over a 6 h period. After separation of plasma, aliquots were either stored frozen at Ϫ 80 Њ C for subsequent measurement of LTTH or immediately used for determinations of lipids.
Laboratory measurements
TG, cholesterol (Sigma Diagnostics), and NEFA (NEFA C, Wako Chemicals) plasma concentrations were measured using commercial kits. HDL-C was determined after precipitation of ApoB, apolipoprotein B; HDL-C, HDL-cholesterol; HOMA, homeostasis model assessment; RLP-C, remnant-like lipoprotein particle-C; ND, not determined; ns, not significant. Results are given as mean Ϯ SEM. (18) . ApoB, apoA-I, and apoE were measured by immunonephelometry, and apoC-II and apoC-III by immunoturbidimetry. Hemoglobin A 1c was determined by HPLC analysis. Glucose and insulin were measured in fasting plasma. Insulin was determined using an immunoenzymatic commercial kit (Insulin IRMA BSE, Brahms), and glucose was measured using a glucose oxidase enzymatic assay (Randox Laboratories). Insulin sensitivity was estimated by the homeostasis model assessment (HOMA) index (19) .
Determination of TRL-TG hydrolysis
Spontaneous lipolytic activity in TRLs resulting from LPL bound on their surface was measured using the LTTH assay. LTTH was similar to our previously described method for LVTH (17) except that VLDL was replaced by whole TRLs. Briefly, TRLs were isolated by fast-protein liquid chromatography (FPLC) using a Superose 6 HR 10/30 column (Pharmacia). On the basis of preliminary calibration experiments, chylomicrons and VLDL isolated by sequential ultracentrifugations were shown to elute in fractions 9 to 10 and in fractions 11 to 18, respectively. Thus, 1 ml of filtered plasma was applied to the column and chromatographed at a flow rate of 0.3 ml/min. Fractions corresponding to total TRLs, including both chylomicrons and VLDL (fractions 9 to 18), were pooled and immediately assayed for LPL activity (17) . Aliquots of the pooled TRLs corresponding to 0.3 mol of TG were incubated at 37 Њ C. The resulting amounts of NEFA released were then measured, and after correction for plasma TG concentrations, LTTH was finally expressed as the amount of NEFA released per milliliter of plasma per hour.
Remnants determination
The fraction containing remnant-like lipoprotein particles (RLPs) was prepared using the immunoseparation technique described by Nakajima et al. (20) . Briefly, 5 l of plasma was added to 300 l of mixed immunoaffinity gel suspension containing monoclonal anti-human apoA-I and anti-human apoB-100 antibodies (Japan Immunoresearch Laboratories). The reaction mixture was gently shaken for 2 h at room temperature. Af- 
Dot blot analysis of LPL
Fractions eluted from the FPLC column in the TRL size range were pooled and applied to a nitrocellulose sheet. Dilutions of purified bovine LPL were used as standards. The membrane was incubated with the monoclonal mouse antibody 5D2 (a gift from Dr. J. Brunzell, Seattle, WA). 5D2 Mabs bound to LPL on the membrane were then detected using a horseradish peroxidaselinked secondary antibody against mouse and with the ECL-Western blotting analysis system (Amersham).
Statistical analysis
Data are expressed as mean Ϯ SD, except where indicated. Statistical analyses were performed using the Statview statistical package. Correlation coefficients were calculated assuming a linear relationship between parameters. For all analyses, the level of statistical significance was taken as P Ͻ 0.05. To quantify the total increases of LTTH, TG, and NEFA in plasma during the 6 h postprandial period, areas under the curve (AUCs) were calculated by the trapezoidal method.
RESULTS
The clinical characteristics of participants are shown in Table 1 . Patients and controls were matched for age. Patients were mildly obese, and plasma glucose and insulin concentrations were significantly increased, resulting in a significantly higher HOMA index. Type 2 diabetic patients had a typical moderate dyslipidemia characterized by elevated fasting plasma TG ( ϩ 67%) and decreased fasting HDL-C ( Ϫ 27%) and apoA-I concentrations ( Ϫ 14%) compared with controls. A mild, nonsignificant increase in RLP-C ( ϩ 31%) was also observed in the fasting state.
Following the ingestion of the lipid-rich meal, plasma triglyceridemia increased in controls and type 2 diabetics, with a maximum reached in both groups after 4 h ( Fig.   1A ). At this time point, the elevation in plasma TG concentration was higher in type 2 diabetics ( ϩ 67% vs. controls, P Ͻ 0.005). The AUC of plasma TG concentrations over the 6 h time course was significantly higher in type 2 diabetics than in controls (14.2 Ϯ 0.6 vs. 8.7 Ϯ 2.7 mmol/ h/l, P Ͻ 0.005). This difference was maintained when only the TRLs isolated by FPLC were considered (AUC: 10.9 Ϯ 2.6 vs. 7.3 Ϯ 1.8 mmol/h/l, P Ͻ 0.005, data not shown). As shown in the insert in Fig. 1A , a postprandial increase in plasma insulin was observed in both type 2 diabetics and controls, although it was more pronounced in the former group. A strong postprandial increase of LTTH was observed in control subjects (Fig. 1B) . LTTH also increased in type 2 diabetic patients, but to a lesser extent (AUC LTTH: 969 Ϯ 67 vs. 1491 Ϯ 115 nmol NEFA/ ml in control subjects, P Ͻ 0.0001). LTTH activity, which differed by 23% between the two groups in the fasting state, reached its maximal difference 2 h after the test meal ( Ϫ 50%, P Ͻ 0.0001).
In both groups, fasting plasma TG concentrations exhibited an inverse relationship to LTTH (r ϭ Ϫ0.65, P Ͻ 0.005, data not shown). However, in the postprandial state, inverse correlations between either TG or RPL-C and LTTH AUCs were found in control subjects but not in diabetic patients (Fig. 2) .
Plasma apoC-II and apoC-III concentrations, known to stimulate and inhibit LPL activity, respectively, are shown in Table 2 . The concentrations of apoC-II were moderately more elevated in diabetics than in controls, in both the basal and in the postprandial state. No differences were observed in the apoC-II/apoC-III ratio.
To determine the best predictor of LTTH when combining control and diabetic groups, we performed two multivariate analyses. The first included fasting and postprandial triglyceridemia, body mass index, and insulin and glucose concentrations. In the second analysis, insulin and glucose were replaced by HOMA, which results from a combination of these two parameters. Insulinemia was the only significant predictor of LTTH in the first analysis, but its predictive power was improved when HOMA was used (data not shown). Thus, LTTH appeared to be related to insulin resistance. We therefore studied the direct correlation between fasting or postprandial (time 2 h) LTTH and HOMA in more detail. Under these two conditions, consistent inverse correlations were found in both control and diabetic groups, whether combined or considered separately. The data obtained in the postprandial state are shown as an example in Fig. 3 (r ϭ Ϫ0.69, P Ͻ 0.05; r ϭ Ϫ0.66, P Ͻ 0.05 for control subjects and type 2 diabetic patients, respectively). When combined data were considered, the plot was linearized after log transformation (Fig. 3, inset; r ϭ Ϫ0.83, P Ͻ 0.0001) .
Finally, we compared the alterations of LTTH to those of LPL mass concentrations and expressed our data in terms of specific activity (Fig. 4) . In the basal state, the LPL-specific activities were similar in both control subjects and diabetic patients. In the postprandial state, a highly significant 130% increase was noted in the control group. In contrast, in the diabetic group, that increase was only 30% and did not reach statistical significance.
DISCUSSION
To our knowledge, we provide the first study on the time course of LPL activity in the postprandial state, taking advantage of the measurement of LTTH. This new assay that we recently developed (17) is based on measuring the naturally in vivo circulating LPL activity, thereby avoiding the requirement of heparin injection. Until now, conventional postheparin LPL activity measurements precluded any sequential analysis in the postprandial state. In humans, measurements in the fed and the fasted states on separate days led to conflicting results. A mild increase in preheparin LPL activity was found in the postprandial state in control subjects, while a 40% decrease in postheparin activity was noticed by Ruge et al. (21) . However, no significant attenuation in the postprandial increase in LPL activity was observed in diabetic patients, although they were expected to have a decrease in LPL activity (22) . The measurement of LTTH unambiguously shows that circulating LPL activity is increased in the postprandial state and is hampered in type 2 diabetes. Previous gene expression studies have led to various results. In healthy humans and in animal models, LPL gene expression in adipose tissue was reported to be either increased (23) (24) (25) or unchanged (26) (27) (28) in the postprandial state, whereas in skeletal muscle, postprandial gene expression was found to be rather lowered (29, 30) . In insulin-resistant subjects, the elevated LPL gene expression measured in biopsies of adipose tissue in the postprandial state was found to be either reduced or unchanged (22, (31) (32) (33) . Overall, these studies do not permit the establishment of a clear relationship between LPL gene expression and plasma LPL activity in the postprandial state. The inverse relationship that we observed between the HOMA index and postprandial LTTH strongly suggests that insulin resistance is an important determinant of decreased LPL activity in type 2 diabetes. The mechanism behind this observation, however, remains to be identified in additional studies. Thus, our study confirms a previous work in patients with type 2 diabetes that showed that fasting postheparin LPL activity was reduced (34) , but it extends this finding to the postprandial state.
In principle, alterations of LPL activity are expected to induce corresponding changes in lipolysis. This was effectively observed in control subjects, where both postprandial TG and remnant concentrations were inversely correlated with LTTH activity. Interestingly, these correlations were not found in type 2 diabetic patients, leading to the conclusion that additional metabolic alterations are involved in the homeostasis of plasma TG and remnant particle concentrations. In agreement with this concept, an increase in hepatic VLDL production in the postprandial state has already been described in type 2 diabetes as well as a decrease in hepatic clearance (35, 36) .
To understand the extent to which the alterations of LTTH reflected those of LPL mass concentrations, we analyzed our data in terms of specific activity. In the control group, the LPL-specific activity clearly increased by 130% in the postprandial state, whereas in the diabetic group, that increase, if any, was minor. From a theoretical standpoint, two main explanations for the modification in LPLspecific activity may be considered. The first would be the alteration of the apoC-II/apoC-III ratio. ApoC-II and apoC-III have been shown to stimulate and inhibit LPL activity, respectively. However, no differences in the apoC-II/apoC-III balance were observed between the basal and postprandial states in control subjects or diabetic patients, ruling out the possibility of any significant effect of these apolipoproteins. The second parameter that could explain the alteration of LPL-specific activity relates to the physico-chemical characteristics of the lipoprotein substrates of LPL. TRLs constitute a family of highly heterogeneous particles that may vary in size, composition, and physical properties. These various particles do not necessarily have the same substrate efficiency with respect to LPL. For example, it has been established that large lipoproteins are better substrates than are small particles (37) . Interestingly, previous studies have reported that the profiles of TRLs could be profoundly modified in the postprandial state, showing, in particular, an enhancement in the proportion of large particles. Thus, one can hypothesize that the postprandial modifications of lipoprotein composition may result in alterations of LPL-specific activity. Additional studies are required to compare compositional changes in postprandial TRL subclasses in patients with type 2 diabetes mellitus and in control subjects.
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